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in t roduct ion  

A s p e c i a l l y  designed u l t r ah igh  vacuum system has  been used t o  s tudy  
the  k ine t i c s  of  t h e  hydrogenation of CO over low su r face  a r e a ,  s i n g l e  
c rys t a l  c a t a l y s t s .  In a r ecen t  publ ica t ion  (11, we have repor ted  r eac t ion  
r a t e  measurenients f o r  a Ni(100) c a t a l y s t  and compared those r e s u l t s  with 
k ine t i c  da t a ,  derived from t h e  l i t e r a t u r e ,  f o r  small p a r t i c l e  N i  supported 
on A1203. There was remarkable agreement between the two c a t a l y s t  systems 
i n  regard t o  s p e c i f i c  r eac t ion  r a t e s  ( t h e  r a t e  normalized t o  the  number 
o f  su r face  metal atoms),  t he  a c t i v a t i o n  energy, and t h e  product d i s t r i b u -  
t i o n .  In t h e  present  r e p o r t ,  we compare reac t ion  r a t e s  measured on two 
c rys t a l  planes o f  Ni--the (100) and the close-packed (111)--and two 
c rys t a l  planes o f  Ru--the zig-zag, open (110) and t h e  c lose  packed (001).  
We a l s o  r epor t  t h e  v a r i a t i o n  of  t h e  r eac t ion  r a t e  and the  su r face  carbon 
concent ra t ion  w i t h  t o t a l  p ressure  and w i t h  t h e  H2:C0 r a t i o .  The su r face  
carbon concent ra t ion  (an a c t i v e  "ca rb id i c"  carbon spec ie s )  v a r i e s  w i t h  
the t o t a l  pressure and w i t h  t he  r e a c t a n t  gas r a t i o .  A s t r i k i n g  c o r r e l a -  
t i o n  has been found between the  su r face  carb ide  level and t h e  c a t a l y t i c  
r eac t ion  r a t e .  

Experimental 

The apparatus used f o r  t hese  s t u d i e s  cons i s t s  of two connected u l t r a -  
h i g h  vacuum chambers--one f o r  su r face  a n a l y s i s  (Auger Electron Spectroscopy 
(AES)) and the  o the r  s u i t a b l e  f o r  high pressure  c a t a l y t i c  r a t e  s t u d i e s .  A 
de t a i l ed  desc r ip t ion  o f  t h e  appara tus ,  t he  c rys t a l  cleaning procedure,  and 
the techniques used t o  obta in  k i n e t i c  r a t e  data have been published ( 1 ) .  
I t  should be noted t h a t  t he  number o f  metal su r f ace  atoms exposed t o  t h e  
r e a c t a n t  gas (used t o  normalize r eac t ion  r a t e  da ta )  i s  derived from the  
geometrical su r f ace  a rea  o f  t he  a ryea led  c ry2ta l  and the  zppropri75e su r face  
a t 9  dens i ty  [Ni(100):  j 5 6 2  x 10 2atoms/cm ; N i ( l l 1 ) :  ls86 x 10 -gtoms 
cm ; Ru(l l0) :  1 .00 x 10 atoms/cm ; Ru(001): 1 .55  x 10 atom5 cm 3 .  The 
Ru samples were cleaned using h i g h  temperature oxidation a t  10- 
followed by heating i n  vacuum t o  1570K. ( 2 )  
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Resul t s  a n d  Discussion 

The observa t ion  (1)  t h a t  t he  r a t e  of the  r eac t ion  

3 H2 t CO -t CHq + H 2 0  

(expressed as CH4 molecules/surface s i t e / s e c )  measured over a low sur face  
a r e a ,  s ing le  c r y s t a l  c a t a l y s t  i s  near ly  i d e n t i c a l  t o  t h a t  measured over a 
supported small p a r t i c l e  Ni c a t a l y s t  (2) i s  a s t rong  ind ica t ion  t h a t  t he re  i s  
l i t t l e  r e a c t i v i t y  d i f f e r e n c e  between those c r y s t a l  planes commonly found 
i n  po lyc rys t a l l i ne  mater ia l  ( i . e . ,  t he  low index p l anes ) .  This expec ta t ion  
i s  confirmed i n  t he  da t a  presented in Fig. 1 ,  which i s  a plot  of t he  
s p e c i f i c  r a t e  (or turnover  number) of C H 4  production versus the  rec iproca l  
temperature. 
(111) c rys t a l  planes o f  Ni i s  evident in b o t h  !!e value of t he  s p e c i f i c  
r a t e  and the a c t i v a t i o n  energy ( 2 4 . 7  kcal mole 
d a t a ) .  
c a t a l y s t s  a r e  r ep lo t t ed  from t h e  l i t e r a t u r e .  
over N i ,  t he re  i s  e s s e n t i a l l y  no v a r i a t i o n  i n  t he  reac t ion  r a t e  a s  the 
c a t a l y s t  changes from small metal p a r t i c l e s  t o  bulk s ing le  c r y s t a l  planes.  

low level  of a carbon spec ie s  and the absence of oxygen ( 1 ) .  
t he  r a t e  o f  production of t h i s  su r f ace  carbon spec ies  ( i n  pure CO) a n d  the 
r a t e  of reac t ion  ( i n  pure H2) have ind ica ted  t h a t  both processes ( i . e . ,  the  
production a n d  t h e  removal of t h e  sur face  carbon spec ie s )  proceed a t  very 
s i m i l a r  r a t e s .  (3)  
k i n e t i c  data and t h e  f i n i t e  sur face  carbon level  during reac t ion  was developed 
which involves t h e  hydrogenation of an a c t i v e  carbon spec ies  formed from 
the  d i s soc ia t ion .o f  CO.  
t h e  pressure i s  increased from 1-120 torr a t  a f ixed  H2:C0 r a t i o .  
temperatures t h e  r a t e s  f a l l  on the same s t r a i g h t  l i n e  a t  a l l  p re s su res .  As 
t h e  temperature i s  increased  a devia t ion  from l i n e a r i t y  i s  seen--the higher 
t h e  pressure t h e  h igher  t h e  devia t ion  temperature.  
l i n e a r  r a t e  behavior i s  an increase  i n  t h e  a c t i v e  carbon l eve l  on  the 
su r face  of t h e  c a t a l y s t  c r y s t a l .  
depar ture  from the  l i n e a r i t y  pf the r a t e  in F i g .  2a and the accompanying 
inc rease  i n  t h e  su r face  carbon l e v e l )  i s  due t o  a decrease in the  sur face  
coverage of hydrogen and thus  a decrease i n  the  r a t e  of hydrogenation o f  
su r face  carbon. Fig.  2 b  shows s imi l a r  data f o r  a Ru( l l0 )  c r y s t a l .  The 
va r i a t ion  of t he  r e a c t i o n  r a t e  w i t h  p ressure  i s  very s imi l a r  t o  t he  Ni(100) 
c r y s t a l - - i . e . ,  a depa r tu re  from l i n e a r i t y  o f  the r a t e  and accompanying t h i s  
depar ture  a n  increase  i n  t h e  sur face  carbon level  (see reference ( 4 )  fo r  
d e t a i l s  of t h e  AES measurement of c a r b o n  on  R u ) .  We presume t h a t  t he  
explanation of  t h i s  behavior i s  the same of fered  f o r  t he  Ni c r y s t a l .  I n  
f a c t ,  since the  binding energy of H on Ru i s  lower t h a n  on  Ni ( 2 )  the  
devia t ion  from l i n e a r i t y  should be expected a t  a lower temperature.  This 
i s  p a r t i c u l a r l y  ev ident  i n  the 1 torr data of Fig. 2a and  2 b .  

The s i m i l a r i t y  between the open (100) and the close-packed 

derived from the Ni(100) 
For comparison t h r e e  s e t s  o f  data f o r  nickel (supported on alumina) 

Thus f o r  the H 2  + C O  reac t ion  

Analysis of a n  a c t i v e  c rys t a l  c a t a l y s t  su r f ace  with AES i n d i c a t e s  a 
Measurements of 

A mechanism f o r  t h e  H 2  + CO r eac t ion  cons i s t en t  w i t h  the  

F i g .  2a shows t h e  changes in the  r eac t ion  r a t e  a s  
A t  low 

Accompanying t h i s  n o n -  

\le have proposed t h a t  t h i s  behavior ( t h e  
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In addition t o  the  r a t e  data f o r  t he  Ru( l l0)  c r y s t a l ,  F i g .  2b a l s o  
contains l imited data f o r  t h e  basal plane of ruthenium, Ru(001). While 
the comparison i s  l imi t ed ,  i t  i s  c l e a r  t h a t  t he  H 2  + CO reac t ion  i s  quite 
s imi la r  i n  regard t o  the spec i f i c  reac t ion  r a t e  and the  ac t iva t ion  energy 
f o r  these  two c rys t a l  planes of ruthenium. 

The data of  Fig. 2 i nd ica t e  t h a t  the  e f f e c t  of the  t o t a l  p ressure  
on the  reaction r a t e  i s  dependent on the  temperature a t  which the  measure- 
ments a r e  made. 
function of pressure a t  two temperatures over a Ni(100) c a t a l y s t  w i t h  the 
H /CO = 4. 
pgessure t o  a power r a t e  law of  t he  form 

Fig. 3 shows the  va r i a t ion  o f  t he  spec i f i c  r a t e  a s  a 

Many au thors  ( 5 )  have f i t t e d  reac t ion  r a t e  va r i a t ion  w i t h  

The exponents, f i t t e d  from experimental da t a ,  have been used t o  der ive  
information about t h e  reac t ion  mechanism ( 6 ) .  I t  i s  c l e a r  from Fig.  3 
t h a t ,  while power r a t e  law exponents can be derived and used t o  sca l e  
r a t e  data a t  f ixed reac t ion  condi t ions ,  such exponents a r e  very s e n s i t i v e  
t o  t he  reac t ion  temperature. I t  i s  doubtful t h a t  any fundamental s i g n i f i -  
cance can be attached t o  values of  t he  exponents derived a t  one temperature.  

We have attempted t o  determine t h e  dependence o f  the  methanation r a t e  
on the pa r t i a l  pressure of both H and C O .  In conducting t h i s  s tudy ,  we 
have measured the  r a t e  o f  CH4 pro2uction w i t h  H :CO r a t i o s  which varied 
from 0.1 t o  1000 and w i t h  a t o t a l  pressure whic2 varied from 1 t o  1500 
torr. The r e s u l t s  o f  this study ind ica t e  t h a t  even a t  one temperature a 
power r a t e  law such a s  equation 1 i s  not adequate t o  describe the  p a r t i a l  
pressure dependence o f  the  reac t ion  r a t e .  
d a t a  measured over a Ni(100) c a t a l y s t  can be co r re l a t ed ,  o n  a smooth 
curve,  w i t h  t he  concentration of "ac t ive"  carbon on the  Ni sur face .  
Figure 4 i s  a p lo t  of  t he  measured carbon sur face  coverage and t h e  
measured spec i f i c  reac t ion  r a t e  f o r  various H 2 : C 0  r a t i o s  and t o t a l  pressures 
a t  a temperature of 625K. I t  should be noted t h a t  the  reac t ion  r a t e s  are 
s teady-s ta te  r a t e s  with no evidence fo r  deac t iva t ion  and t h a t  t h e  carbon 
AES l ineshape i s  always t h a t  of  a "carbide" w i t h  no evidence f o r  graphi te  
formation. 
i n t e n s i t y  i s  based on AES data obtained from a CO monolayer ( 4 ) .  

measurements--in t h e  r a t e  of  carb ide  production from pure C O  ( 3 )  and s ince  

However, fl reac t ion  r a t e  

The es t imate  o f  carbon sur face  coverage from the AES carbon 

Since there  i s  no pressure e f fec t - - in  the  pressure range of  t hese  
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a t  any H2:C0 r a t i o  an increase  i n  pressure r e s u l t s  i n  a decrease i n  sur face  
carbon, we conclude t h a t  t h e  data of  Figure 4 i s  a manifestation of  t h e  
change i n  t h e  hydrogenation r a t e  of t he  sur face  carb ide  with t o t a l  pressure 
and w i t h  t h e  H2:C0 r a t i o .  
t i on  reac t ion  r a t e  i s  determined by a d e l i c a t e  balance of the formation and 
removal of surface carb ide  and t h a t  ne i the r  of  these  processes a r e  r a t e  
determining in the  usual sense.  T h u s ,  a s  ind ica ted  i n  Figure 4 under 
r eac t ion  condi t ions  unfavorable f o r  t he  hydrogenation r a t e  (e .g . ,  low 
p a r t i a l  presjure o f  H 2  a t  a high temperature) t he  reac t ion  r a t e  should 
decrease and be accompanied by an increase  in the  sur face  carbon l e v e l .  
A t  lower temperatures the  sur face  concentration of hydrogen (and thus the  
hydrogenation r a t e )  becomes 1 ess s t rongly  dependent on pressure.  
example, t h e  r a t e  o f  CH production f o r  a 4:l H2:C0 r a t i o  a t  503K ( l o t t e d  
i n  F i g .  3 )  i s  only s l i g i t l y  dependent on pressure  (from 1-1500 torr!. The 
measured sur face  carbon leve l  under these  condi t ions  i s  approximately 10% 
of a monolayer and does not  change s i g n i f i c a n t l y  over the  e n t i r e  pressure 
range. 

Thus i t  appears t h a t  changes i n  temperature,  H /CO r a t i o ,  and t o t a l  
p ressure  have a common e f f e c t  on the  methanation rage--namely, t o  change 
t h e  sur face  concentration of hydrogen. Although these  e f f e c t s  have been 
observed predominately on the Ni(100) c r y s t a l ,  the s i m i l a r i t i e s  between Ni 
and Ru w i t h  regard to  r eac t ion  r a t e  va r i a t ion  w i t h  pressure and w i t h  
su r f ace  carbide level (F ig .  2 )  s t rongly  suggest a s imi l a r  explanation fo r  
ru theni  urn. 

We have previously concluded ( 1 )  t h a t  t he  methana- 

For 

The results o f  t hese  pressure s tud ie s  suggest considerable caut ion  i n  
drawing the conclusion t h a t  c rys ta l lographic  e f f e c t s  a r e  absent i n  t h e  
methanation reac t ion  over Ni o r  R u .  While this r e s u l t  appears va l id  under 
r eac t ion  condi t ions  i n  which sur face  carb ide  level i s  low, as reac t ion  
conditions change e f f e c t s  due t o  d i f fus ion  of carbon, s t a b i l i t y  o f  the 
sur face  carbide,  hydrogen sur face  concentation and o ther  e f f e c t s  which can 
have a strong c rys t a l log raph ic  dependence can become dominant f ac to r s  
influencing the r e a c t i v i t y .  
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Figure 1.  

Figure 2. 

Figure 3 .  

Figure 4 .  

FIGURE CAPTIONS 

Arrhenius plot  comparing CH4 synthes is  on Ni(100),  N i ( l l l ) ,  

and supported Ni c a t a l y s t s .  Reaction condi t ions :  120 torr ,  

H2/C0 = 4 .  

supported Ni - r e f .  7 .  

a . )  Arrhenius plot  o f  CH4 synthes is  on a Ni(100)  c a t a l y s t  

N i ( l l 1 )  - t h i s  work; Ni(100) - r e f .  ( 1 ) ;  

a t  t o t a l  reac tan t  pressures of 1 ,  10, 120 t o r r .  H2C0 = 4. 

b . )  Arrhenius plot of CH4 synthes is  on a Ru(ll0) c a t a l y s t  

a t  t o t a l  reac tan t  pressures of 1 ,  10, 120 torr. 

Data a t  two temperatures f o r  a Ru(001) c a t a l y s t  a t  120 

t o w  i s  plotted w i t h  the  symbol, x .  

H2C0 = 4. 

Methane production r a t e  (molecules/surface s i t e / s e c )  versus 

pressure a t  503K a n d  625K over a Ni(100) c a t a l y s t .  

Methane production r a t e  (molecules/surface s i t e / s e c )  a t  

625K over a Ni(100) c a t a l y s t  versus sur face  carbon concentra- 

t i o n  (under steady s t a t e  reac t ion  cond i t ions ) .  

r a t i o  and the t o t a l  pressure ( t o r r )  f o r  each point p lo t t ed  

i s  indicated in the i n s e r t .  

The H2:C0 
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